Since p63-deficient mice display severe defects in formation of epidermis, p63 has been considered to be a multiisoform p53 family member essential for epidermal development. However, it is still unclear how p63 could contribute to keratinocyte differentiation. In the present study, we have found that TAp63a is induced in association with the upregulation and a secretion of growth differentiation factor 15 (GDF15) during the keratinocyte differentiation of HaCaT cells bearing p53 mutation. Short interference RNA-mediated knockdown of the endogenous TAp63 resulted in a remarkable reduction of GDF15. Luciferase reporter assay and reverse transcription-PCR analysis demonstrated that enforced expression of TAp63a significantly increases the luciferase activity driven by GDF15 promoter and the expression of GDF15. Consistent with these results, the proximal p53/p63-binding site within the GDF15 promoter region was required for the TAp63a-mediated transcriptional activation of GDF15, and TAp63a was recruited onto this site. Furthermore, siRNA-mediated knockdown of the endogenous GDF15 permitted cell growth and inhibited the expression of the differentiation markers such as keratin 10 and involucrin in response to differentiation stimuli. Taken together, our present results provide a novel insight into understanding the molecular mechanisms behind TAp63a-mediated keratinocyte differentiation.
Introduction
p63 as well as p73 is a member of p53 tumor-suppressor family of nuclear sequence-specific transcription factor, which transactivates overlapping set of p53-target genes (Kaghad et al., 1997; Yang et al., 1998) . As expected from their amino acid sequence similarity, p53 family members play an important role in a variety of cellular processes such as cell cycle arrest and apoptosis, which is closely linked to their sequence-specific DNA-binding activity. Like p53 and p73 (Yang and McKeon, 2000; Bourdon et al., 2005) , p63 is expressed as multiple variants including TA (transactivating) and DN (nontransactivating) variants arising from alternative splicing at its C terminus (a, b and g) and alternative promoter usage, respectively (Yang et al., 1998) . DNp63 displays a dominant-negative behavior toward TAp63, TAp73 and wild-type p53 (Yang et al., 1998) .
In spite of their structural similarity, the initial genetic studies demonstrated that, unlike p53-deficient mice, p63-or p73-deficient mice do not develop spontaneous tumors (Yang and McKeon, 2000) . p63 and p73 are rarely mutated in primary tumors (Ikawa et al., 1999) . In a sharp contrast to p53, p63-or p73-deficient mice display the severe developmental defects. For example, p73-deficient mice exhibit a developmental defect in neuronal and immune systems . On the other hand, mice lacking p63 display truncated limbs, abnormal craniofacial development and defects in formation of epidermis (Mills et al., 1999; Yang et al., 1999) . Indeed, p63 is expressed in basal layer of stratified epithelia (Yang et al., 1998) . Recently, it has been shown that TAp63a induces keratin 14, which is one of epithelial markers, through the direct transactivation of AP-2g (Koster et al., 2006) . In addition, Lapi et al. (2006) described that DNp63a represses the expression of S100A2 which might contribute to switch proliferation into differentiation. King et al. (2006) reported that the expression levels of DNp63 are reduced in response to differentiation stimuli, whereas TAp63 is upregulated during keratinocyte differentiation. These observations strongly suggest that TA and DN forms of p63 play a differential role in the regulation of keratinocyte differentiation, and a balance between the intracellular expression levels of TA and DN forms of p63 is critical for proper differentiation (Candi et al., 2006a) . However, it is still unclear whether TAp63 could be increased or decreased during terminal differentiation of keratinocyte (Candi et al., 2006b; Koster et al., 2007) .
Growth differentiation factor 15 (GDF15) is a secreted protein belonging to transforming growth factor-b (TGF-b) superfamily and is also known as placental bone morphogenetic protein (Hromas et al., 1997) , macrophage inhibitory cytokine-1 (Bootcov et al., 1997) , prostate derived factor (Paralkar et al., 1998) , placental TGF-b (Tan et al., 2000) and nonsteroidal anti-inflammatory drug-activated protein 1 (Baek et al., 2001) . GDF15 is expressed in epidermis in rat embryo and its mRNA is distributed in the diverse epithelia in adult rat tissues (Paralkar et al., 1998; Bottner et al., 1999) . Similar to the other members of TGF-b superfamily, GDF15 is synthesized as a proprotein and subsequently subjected to proteolytic cleavage by furin-like proteases to give rise to an active mature form (25 kDa disulfide-linked dimer) (Uchida et al., 2003) . Accumulating evidence suggests that GDF15 is involved in the regulation of a variety of cellular processes including cell cycle, proliferation, differentiation and apoptosis (Tan et al., 2000; Roninson, 2003; Uchida et al., 2003; Nazarova et al., 2004; Agarwal et al., 2006; Bauskin et al., 2006; Lambert et al., 2006) . Intriguingly, it has been shown that GDF15 is one of the direct transcriptional targets of p53 (Li et al., 2000; Tan et al., 2000) .
In the present study, we have found that TAp63-dependent induction of GDF15 plays a crucial role in the regulation of keratinocyte differentiation of HaCaT cells bearing mutant p53.
Results

Expression levels of TAp63 during keratinocyte differentiation of HaCaT cells
To investigate a possible contribution of TAp63 to the keratinocyte differentiation, we used human keratinocyte-derived HaCaT cells as a model cell system. Consistent with the previous observations (Boukamp et al., 1988; Lapi et al., 2006) , HaCaT cells underwent terminal differentiation under differentiation medium as shown by the time-dependent induction of involucrin (IVL), which is one of the well-known markers of terminal differentiation (Figure 1a ). Under our experimental conditions, a transient upregulation of TAp63 expression was detectable 12 h after the exposure to differentiation stimuli as examined by quantitative realtime PCR experiments (Figure 1b) . To determine which splicing variant(s) of TAp63 could be induced in response to differentiation stimuli, we performed semiquantitative reverse transcription (RT)-PCR using variant-specific primer sets to discriminate the different TAp63 variants. As shown in Figure 1c , TAp63a was significantly induced at 12 h after the exposure to differentiation stimuli, and then its expression levels were reduced. The expression levels of TAp63b were also induced but to a lesser degree, whereas TAp63g appeared to be downregulated in a time-dependent manner. These results indicate that, among TAp63-splicing variants, TAp63a is significantly induced during the early phase of differentiation process.
Association of the expression levels of TAp63 and GDF15 during HaCaT differentiation Accumulated evidence demonstrated that GDF15 has a growth-suppressive activity, and its expression is regulated by p53 in various cell systems (Tan et al., 2000; Bauskin et al., 2006; Lambert et al., 2006) . In addition, Osada et al. (2005) described that GDF15 is one of the transcriptional targets of TAp63g as examined by oligonucleotide microarray. Since HaCaT cells express the mutant form of p53 (Lehman et al., 1993) , we examined the expression levels of GDF15 and the other p53 family members such as TAp73 and TAp63 in response to differentiation stimuli. At the indicated time periods after differentiation, total RNA was prepared and subjected to semiquantitative RT-PCR. As seen in Figure 2a , the expression levels of differentiation markers including keratin 10 (KRT10) and IVL started HaCaT cells exposed to a differentiation stimuli. HaCaT cells were transferred into fresh differentiation medium containing 2 mM of CaCl 2 in the absence of FBS, and induced to differentiate in vitro. At the indicated time periods, whole-cell lysates were prepared and subjected to immunoblotting with anti-IVL (upper panel) or with anti-actin (lower panel) antibody. (b) Expression levels of TAp63 during differentiation. HaCaT cells were treated as in (a), and the expression levels of TAp63 mRNA were examined by quantitative real-time PCR using GAPDH as an internal control. Data represent as fold induction of TAp63 mRNA levels at the indicated time points relative to those of untreated cells (0 h). *Po0.05; **Po0.01; ***Po0.001. (c) Expression levels of TAp63 splicing isoforms during differentiation. HaCaT cells were treated as in (a), and the expression levels of TAp63 isoforms including TAp63a, TAp63b and TAp63g mRNAs were examined by semiquantitative RT-PCR.
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T Ichikawa et al to be induced 12 h after stimulation, and those of TAp73 and p53 remained almost unchanged. In contrast, TAp63 was clearly detectable 6 h after stimulation and reached its maximum level at 12 h. Of note, a remarkable induction of GDF15 was observed 6 h after stimulation, and its expression levels remained almost constant up to 72 h. To examine the expression levels of TAp63 protein, we have generated a polyclonal antibody against TAp63 according to the standard procedure. Our specific antibody recognized TAp63a but not DNp63a as examined by immunoblotting. In a sharp contrast, the commercially available monoclonal anti-p63 antibody (4A4) detected both variants (Figure 2b ). Additionally, our TAp63 antibody had an ability to recognize the endogenous TAp63a enriched in nuclear fraction of HaCaT cells (Figure 2c ). We then performed the time course experiments to examine the expression levels of TAp63 during HaCaT differentiation. As shown in Figure 2d , TAp63a was readily detectable in proliferating HaCaT cells, whereas its expression levels were induced in response to differentiation stimuli and remained up to 48 h, raising a possibility that TAp63a could transactivate GDF15 during HaCaT differentiation.
GDF15 expression at protein level during differentiation
According to the previous results (Bootcov et al., 1997) , GDF15 contains an N-terminal signal peptide and is subjected to proteolytic cleavage to give rise to mature form which is secreted into culture medium (Figure 3a) . To confirm this notion, we have constructed an expression plasmid encoding C-terminal Myc-tagged GDF15 (GDF15-Myc). COS7 cells were transiently transfected with the empty plasmid or with GDF15-Myc, and conditioned medium (CM) was processed for immunoblotting with anti-Myc antibody. As shown in the left panel of Figure 3b , both pro-protein and mature protein were detectable. Similar experiments were conducted using HaCaT cells. As shown in the middle and right panels of Figure 3b , pro-protein and mature forms were largely detected in whole-cell lysates (Cell) and CM of HaCaT cells, respectively. We then examined whether GDF15 could be secreted into culture medium TAp63/GDF15 pathway in keratinocyte differentiation T Ichikawa et al in response to differentiation stimuli. At the indicated time periods before and after the substitution to differentiation medium, CM was collected and subjected to immunoblotting with anti-GDF15 antibody. As shown in Figure 3c , the amounts of GDF15 in CM were increased in a time-dependent manner. Indirect HaCaT cells were transferred into the differentiation medium containing 2 mM CaCl 2 . At the indicated time periods before and after the incubation with differentiation medium, CM was collected and subjected to centrifugation using membrane filter to enrich GDF15. Equal amount of each sample was separated on 14% SDS-PAGE followed by immunoblotting with anti-GDF15 antibody. (d) Indirect immunofluorescence. Twelve hours after the incubation with differentiation medium, HaCaT cells were processed for indirect immunofluorescence staining with the anti-GDF15 antibody (left panel). Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, right panel). (e) Expression of GDF15 and involucrin (IVL) during differentiation. At the indicated time periods after the incubation with differentiation medium, HaCaT cells were fixed and stained with anti-GDF15 (left panels) or with anti-IVL antibody (middle panels). Cell nuclei were stained with DAPI (right panels). Bottom panels indicate the negative control.
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T Ichikawa et al immunofluorescence staining revealed that GDF15 is clearly detectable in cytoplasm 12 h after differentiation ( Figure 3d ). Intriguingly, HaCaT cells expressing GDF15 strongly expressed IVL 72 h after differentiation ( Figure 3e ).
siRNA-mediated knockdown of TAp63 reduces the expression levels of GDF15 To address whether TAp63 could be involved in the regulation of GDF15 expression, we designed short interference RNA (siRNA)-targeting TAp63 (siTAp63). siRNA against luciferase (siLuc) was used as a negative control. HaCaT cells were transiently transfected with siLuc or with siTAp63. At the indicated time periods after transfection, total RNA was prepared and subjected to semiquantitative RT-PCR. As shown in Figure 4a , siTAp63 treatment had negligible effects on DNp63 as well as p73, whereas TAp63 expression was significantly knocked down by siTAp63. Similar results were also obtained in immunoblotting experiments ( Figure 4b ). It was worth noting that siRNA-mediated knockdown of TAp63 results in a remarkable reduction of GDF15 in response to differentiation stimuli (Figure 4c ), whereas DNp63 knockdown had undetectable effect on GDF15 (Figure 4d ). Furthermore, enforced expression of TAp63a induced the expression of GDF15 in SAOS-2 and HaCaT cells, suggesting that GDF15 is transcriptionally regulated by TAp63a during HaCaT differentiation (Figure 4e ).
TAp63 transactivates GDF15 promoter through its p53/p63-response element As described (Li et al., 2000) , GDF15 promoter region contains two p53-responsive elements. To further confirm whether TAp63a could transactivate GDF15 promoter, we generated a luciferase reporter construct driven by GDF15 promoter termed GDF15 (À465/ þ 74).
HaCaT cells were transiently co-transfected with the constant amount of pRL-TK and GDF15 (À465/ þ 74) with or without the increasing amounts of FLAGTAp63a. Sixteen hours after transfection, cells were lysed and their luciferase activities were measured. As shown in Figure 5a , FLAG-TAp63a had an ability to increase the luciferase activity in a dose-dependent manner. To examine GDF15 promoter activity during differentiation process, we have established stable transfectants of HaCaT cells bearing GDF15 (À465/ þ 74). These stable transfectants were transiently transfected with the control siRNA or with siRNA against TAp63. At the indicated time periods after the substitution to differentiation medium, cells were lysed and their luciferase activities were examined. As shown in Figure 5b , siRNA-mediated knockdown of TAp63 clearly inhibited the time-dependent upregulation of GDF15 promoter activity.
To ask whether TAp63 could be recruited onto the p53-responsive element(s) of GDF15 promoter, we performed a chromatin immunoprecipitation (ChIP) assay. Figure 6a depicted the GDF15 promoter region and the estimated PCR products detected by ChIP assay. Ectopic expression of FLAG-TAp63a was confirmed by immunoblotting (Figure 6b , Left panel). For ChIP assay, p21 WAF1 and TK promoters were used as a positive and a negative control, respectively. As shown in right panels of Figure 6b , anti-FLAG immunoprecipitates contained three genomic fragments such as GDF15a/b, GDF15a and GDF15b. Under our experimental conditions, an average length of sonicated genomic DNA fragments was 200-800 nucleotides in length. Thus, it was quite difficult to determine which p53-responsive elements could be required for TAp63a-mediated transcriptional activation of GDF15. We then TAp63/GDF15 pathway in keratinocyte differentiation T Ichikawa et al generated mutant forms of GDF15 luciferase reporter constructs including GDF15 (À429/ þ 74) lacking the distal p53-responsive element, and GDF15M (À465/ þ 74) where the proximal p53-responsive element was disrupted ( Figure 6c ). As shown in Figure 6d , the luciferase activity driven by GDF15 (À429/ þ 74) was similar to GDF15 (À465/ þ 74), whereas a significant HaCaT cells were transiently co-transfected with a constant amount of GDF15 (À465/ þ 74) luciferase reporter construct and pRL-TK together with or without the increasing amounts of the expression plasmid for FLAG-TAp63a (50, 100, 200 and 400 ng). Total amounts of plasmid DNA per transfection were kept constant with pcDNA3 (510 ng). Sixteen hours after transfection, cells were lysed and both firefly and Renilla luciferase activities were measured by dual-luciferase reporter system (Promega) according to the manufacturer's instructions. The firefly luminescence signal was normalized based on the Renilla luminescence signal. The results were obtained from at least four independent experiments and the data are represented as means7s.d. **Po0.01, ***Po0.001, ****Po0.0001. (b) siRNA-mediated knockdown of TAp63 reduces the luciferase activity driven by GDF15 (À465/ þ 74) during differentiation. HaCaT cells stably transfected with GDF15 (À465/ þ 74) luciferase reporter construct were transiently transfected with siTAp63 (gray boxes) or with control Block iT Oligo (filled boxes) (at a final concentration of 25 nM). Twenty-four hours after transfection, cells were transferred into differentiation medium. At the indicated time periods, cells were lysed and their luciferase activities were determined as in (a). **Po0.01; ***Po0.001. NS, not significant.
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TAp63α Promoter . Twenty-four hours after transfection, cells were cross-linked with formaldehyde and cross-linked chromatin was sonicated followed by immunoprecipitation with anti-FLAG antibody. DNAs were purified from the immunoprecipitates and subjected to RT-PCR using the indicated primer sets. 
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T Ichikawa et al reduction of the luciferase activity driven by GDF15M (À465/ þ 74) was observed, suggesting that the proximal p53-responsive element might be required for TAp63a-mediated transcriptional activation of GDF15.
Effects of silencing of GDF15 on HaCaT differentiation
To investigate possible contribution of GDF15 to HaCaT differentiation, we have generated an siRNA-targeting GDF15 (siGDF15). HaCaT cells were transiently transfected with siLuc or with siGDF15. Forty-eight hours after transfection, total RNA was prepared and subjected to semiquantitative RT-PCR. As shown in Figure 7a , siGDF15 treatment resulted in a remarkable reduction of GDF15, whereas siLuc did not. After transfection with siLuc or with siGDF15, HaCaT cells were transferred into differentiation medium. At the indicated time periods, total RNA was prepared and analysed for the expression levels of KRT10 and IVL by semiquantitative RT-PCR. As clearly shown in Figure 7b , siRNA-mediated knockdown of GDF15 inhibited the time-dependent increase in the expression levels of KRT10 and IVL. Similarly, GDF15 knockdown reduced the amounts of GDF15 in CM and IVL in cells (Figure 7c ). In support with our present results, siRNAmediated knockdown of TAp63 significantly inhibited the induction of KRT10, IVL and GDF15 in response to differentiation stimuli (Figure 7d ). Furthermore, indirect immunofluorescence staining demonstrated that, upon differentiation stimuli, silencing of TAp63 inhibits the expression of IVL and number of Ki67-positive cells is significantly increased as compared with cells transfected with siLuc ( Figure 7e ). Similar results were also obtained in GDF15 knockdown HaCaT cells (Figure 7f ). Collectively, our present results strongly indicate that a novel TAp63/GDF15 pathway plays an important role in the regulation of keratinocyte differentiation.
Discussion
In the current study, we have found for the first time that GDF15 is a direct downstream target of TAp63, and TAp63-mediated induction of GDF15 plays an important role during keratinocyte differentiation of HaCaT cells. In support of this notion, siRNA-mediated knockdown of TAp63 significantly reduced the expression levels of GDF15, and also, knocking down of GDF15 by siRNA before the exposure to differentiation stimuli strongly inhibited the time-dependent induction of keratinocyte differentiation markers such as KRT10 and IVL. In response to differentiation stimuli, TAp63a was induced to be accumulated at protein level up to 48 h, whereas the expression levels of DNp63 were decreased in a timedependent manner (data not shown). Since DNp63 has a dominant-negative function toward TAp63 (Yang et al., 1998) , it is likely that an intracellular balance between the amounts of TAp63 and DNp63 might determine the cell fate through the transcriptional regulation of GDF15. In addition to S100A2 and AP-2g which are transactivated by p53 family members (Koster et al., 2006; Lapi et al., 2006) , GDF15 is required for the proper keratinocyte differentiation. It has been shown that GDF15 is first generated as a larger biologically inactive precursor and subsequently processed by pro-protein convertases including furin (Uchida et al., 2003) . After being processed, mature form of GDF15 is secreted (25 kDa disulfide-linked dimer) and might act as an extracellular messenger on neighboring cells (Ago and Sadoshima, 2006) . Based on our present results, active mature form of GDF15 was detectable in CM prepared from HaCaT cells in response to differentiation stimuli. Thus, it is likely that TAp63a-dependent expression and secretion of mature form of GDF15 has an ability to transmit differentiation signal to neighboring undifferentiated cells. Consistent with the previous results showing that GDF15 has a growth-suppressive activity (Li et al., 2000; Baek et al., 2001; Lambert et al., 2006) , siRNA-mediated knockdown of GDF15 did not inhibit cell proliferation even in the presence of differentiation stimuli. Intriguingly, SV40-transformed COS7 cells transiently transfected with the expression plasmid for GDF15-Myc secreted a large amount of pro-protein, whereas majority of GDF15-Myc secreted from HaCaT cells was a mature form. As described (Bauskin et al., 2006) , tumors commonly secreted unprocessed latent forms of GDF15 which are associated with extracellular matrix. It is possible that tumor cells might not express enough amounts of furin-like protease to cleave immature form of GDF15. The biological significance of the extracellular unprocessed forms of GDF15 in tumorigenesis remained unknown. Further studies should be required to address this issue.
Several lines of evidence demonstrated that p53 transactivates GDF15 through the proximal p53-responsive element within the GDF15 promoter region (Li et al., 2000; Baek et al., 2002) . By using oligonucleotide microarray, Osada et al. (2005) found that GDF15 is also transcriptionally activated by TAp63g in HEK293 cells. Recently, it has been shown that GDF15 promoter is activated to a greater extent by p53 than by TAp63b, TAp63g and TAp73b in human osteosarcoma SAOS-2 cells (Osada et al., 2007) . According to our present results, the proximal p53-responsive element within GDF15 promoter region had a critical role in the TAp63a-dependent transactivation in HaCaT cells bearing mutant form of p53 as examined by luciferase reporter assay. De Laurenzi et al. (2000) reported that, among p53 family members, TAp63a displays the highest activity to enhance IVL promoter in HaCaT cells. Based on our present results, TAp63a-dependent transactivation of IVL might be mediated by GDF15. It has been believed that each of the p53 family members has a distinct biological role in a cell type-or tissuedependent manner. Mice lacking p53 do not display any developmental abnormalities such as epidermal deficiency and HaCaT cells expressing mutant form of p53 have an ability to form a regular epidermis (Boukamp et al., 1988) , suggesting that p53-dependent transcriptional activation of GDF15 might be involved in as yet unidentified cellular processes. Considering that GDF15 is specifically expressed in the skin, and the cartilaginous TAp63/GDF15 pathway in keratinocyte differentiation T Ichikawa et al tissue of the developing rat embryo (Paralkar et al., 1998) and TAp63a contributes to epidermal morphogenesis (Koster et al., 2004) , our present findings strongly suggest that, among p53 family members, TAp63a but not p53 has a specific role in the regulation of keratinocyte differentiation through the transcriptional activation of GDF15.
Materials and methods
Cell culture
Human keratinocyte HaCaT, human osteosarcoma SAOS-2 and African green monkey kidney COS7 cells were grown in Dulbecco's modified Eagle's medium supplement with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were maintained at 371C in 95% air and 5% CO 2 . Where indicated, HaCaT cells were transferred to differentiation medium (MCDB 153 medium containing 2 mM of calcium chloride without FBS).
Construction of cDNAs and luciferase reporters
The expression plasmid encoding human TAp63a or DNp63a was kindly provided by Dr G Melino. TAp63a was fused to FLAG epitope at their NH 2 termini by PCR-based strategy, and subcloned into EcoRV and XhoI sites of pcDNA3 (Invitrogen) to give FLAG-TAp63a. GDF15 cDNA was amplified by RT-PCR using total RNA prepared from HaCaT cells. Sense and antisense primers used are as follows: 5 0 -TCGAATTCACCGCCATGCCC GGGCAAGAACTC-3 0 (sense) and 5 0 -AACTCGAGTATGC AGTGGCAGTCTTTGGC-3 0 (antisense). EcoRI and XhoI sites were shown in boldface type. PCR products were digested with EcoRI and XhoI, gel-purified and inserted into EcoRI and XhoI sites of pcDNA3/myc (Invitrogen) to give GDF15-myc, in which myc tag was attached to the COOH terminus of GDF15. The indicated luciferase reporter constructs driven by the GDF15 promoter were generated by using the following primer sets:
0 -ACGCTAGCCTGGTGAG GAAACAGGCATGGC-3 0 (sense) and 5 0 -CCAAGCTTCA TCTGAGAGCCATTCACCGTCCTGAGTTTCGACCCGGG TCGAGCT-3 0 (antisense). Underlined sequences were substituted from CATG or CAAG to TCGA to disrupt a putative p53/ p63-binding motif. PCR products were then inserted into NheI and HindIII sites of pGL3basic vector (Promega, Madison, WI, USA) upstream of the luciferase gene. The constructs were verified by restriction digestion and DNA sequencing (Applied Biosystems, Piscataway, NJ, USA).
Transient transfection and establishment of stable transfectants COS7 cells were transiently transfected with the indicated expression plasmids using FuGENE 6 or FuGENE HD transfection reagent (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions. SAOS-2 and HaCaT cells were transiently transfected with the indicated expression plasmids using LipofectAMINE 2000 transfection reagent (Invitrogen) or FuGENE HD transfection reagent (Roche Molecular Biochemicals) following the manufacturer's recommendations. For generation of HaCaT cells stably expressing GDF15 (À465/ þ 74), cells were transfected with 1.5 mg of GDF15 (À465/ þ 74), 150 ng of pRL-TK and 0.5 mg of pcDNA3 using LipofectAMINE 2000 transfection reagent. Forty-eight hours after transfection, cells were transferred into fresh medium containing G418 at a final concentration of 500 mg/ml. After 2 weeks of selection, surviving cells were harvested and subjected to further experiments. siRNA Short interference RNA (siRNA) with a sequence of 5 0 -GAUGGUGCGACAAACAAGA-3 0 was designed to target human TAp63 (Sigma, St Louis, MO, USA). siRNAs against human GDF15 (D-019875-02) and luciferase (Luciferase GL2 Duplex) were purchased from Dharmacon (Chicago, IL, USA). The luciferase control siRNA was used as a negative control. HaCaT cells were transiently transfected with 25 nM of the indicated siRNAs using LipofectAMINE RNAiMAX (Invitrogen). At the indicated time periods after transfection, cells were harvested and subjected to RT-PCR or immunoblotting.
Luciferase reporter assay
HaCaT cells were seeded at 5 Â 10 4 cells/well in a 24-well dish and allowed to attach overnight. Next day, cells were transiently transfected with 100 ng of GDF15 luciferase reporter construct, 10 ng of pRL-TK together with or without the increasing amounts of FLAG-TAp63a expression plasmid (50-400 ng). Total amount of plasmid DNA per each transfection was kept constant with pcDNA3. All transfections were performed in quadruplicate. Sixteen hours after transfection, cells were harvested, and their luciferase activities were determined by Dual-Luciferase Assay System (Promega) according to the manufacture's recommendations. The firefly luciferase activity was normalized based on the Renilla luciferase activity.
Immunoblotting Cells were lysed in phospholipase C lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 10 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10 mg/ml leupeptin), and insoluble materials were removed by centrifugation. Protein concentrations were quantified with a bicinchoninic acid protein assay kit (Pierce Figure 7 siRNA-mediated knockdown of growth differentiation factor 15 (GDF15) in HaCaT cells. (a) Effect of our siGDF15 on the expression levels of GDF15. HaCaT cells were transiently transfected with siRNA against luciferase or GDF15. Forty-eight hours after transfection, total RNA was prepared and subjected to semiquantitative RT-PCR. (b) siRNA-mediated knockdown of GDF15 on the expression levels of KRT10 and IVL. Twenty-four hours after transfection with siRNA against luciferase or GDF15, HaCaT cells were transferred into differentiation medium. At the indicated time points, total RNA was prepared and processed for semiquantitative RT-PCR to examine the expression levels of KRT10 and IVL mRNA. (c) Immunoblotting. HaCaT cells were transiently transfected with the indicated siRNAs. Twenty-four hours after transfection, cells were transferred into differentiation medium. Forty-eight hours after the treatment, whole-cell lysates (Cell) and CM were prepared and analysed for the expression levels of involucrin (IVL) and GDF15, respectively. (d) siRNA-mediated knockdown of TAp63 in HaCaT cells. HaCaT cells were transiently transfected with siLuc or with siTAp63. Twenty-four hours after transfection, cells were transferred into differentiation medium. At the indicated time points after the exposure to differentiation stimuli, total RNA was prepared and subjected to RT-PCR. (e) Effect of TAp63 knockdown on cell growth and differentiation. HaCaT cells were transiently transfected with siRNA against luciferase (first panels) or TAp63 (second panels). Twenty-four hours after transfection, cells were transferred into fresh differentiation medium and incubated for 72 h. Cells were then stained with anti-Ki67 (left panels) or with anti-IVL (middle panels) antibody. Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, right panels). Negative controls were shown in third panels. The percentage of Ki67-positive cells shown in each column represents the mean of three independent experiments. *Po0.05. (f) Effect of GDF15 knockdown on cell growth and differentiation. HaCaT cells were transiently transfected with siRNA-targeting luciferase (first panels) or GDF15 (second panels). Twenty-four hours after transfection, cells were transferred into fresh differentiation medium and incubated for 60 h. Cells were then stained with anti-Ki67 (left panels) or with anti-IVL (middle panels) antibody. Cell nuclei were stained with DAPI (right panels). Negative control experiments were shown in third panels. The percentage of Ki67-positive cells shown in each column represents the mean of three independent experiments. *Po0.01.
TAp63/GDF15 pathway in keratinocyte differentiation T Ichikawa et al Biotechnology, Rockford, IL, USA). Equal amounts of whole-cell lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto Immobilon-P Transfer Membrane (Millipore, Bedford, MA, USA). The membranes were blocked with Tris-buffered saline, supplemented with 0.1% Tween-20 and 5% nonfat milk for 30 min at room temperature, and then incubated with monoclonal anti-FLAG (M2, Sigma), monoclonal anti-IVL (SY5, Sigma), monoclonal anti-Myc (9B11, Cell Signaling Technology, Beverly, MA, USA), monoclonal antip63 (4A4, NeoMarkers, Fremont, CA, USA), polyclonal antiTAp63, polyclonal anti-actin (20-33, Sigma) or with polyclonal anti-GDF15 antibody (Upstate Biotechnology, Lake Placid, NY, USA) for 1 h at room temperature followed by incubation with horseradish peroxidase-conjugated goat antimouse or with antirabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature. After extensive washing, bound immunoglobulin was visualized by enhanced chemiluminescence (Amersham Bioscience, Uppsala, Sweden) according to the manufacturer's protocol.
Antibody production
Polyclonal anti-TAp63 antibody was raised against rabbits by immunizing the N-terminal 21-amino acids of TAp63 (49-KIEISMDCIRMQDSDLSDPMW-69) (Medical and Biological Laboratories, Nagoya, Japan). The specificity of the affinity-purified antibody was assayed by immunoblotting.
Detection of the endogenous TAp63
HaCaT cells were lysed in lysis buffer (10 mM Tris-HCl, pH 8.0, 1 mM ethylenediamine tetraacetic acid, 0.5% NP-40 and 1 mM PMSF) supplemented with protease inhibitor mixture (Sigma) and then incubated at 41C for 30 min. The samples were centrifuged at 3000 r.p.m. at 41C for 5 min to separate the soluble (cytoplasmic) from the insoluble (nuclear) fraction. Insoluble materials were solubilized by nuclear extraction buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 5 mM CaCl 2 , 1% NP-40, 1%, Triton X-100, 10 mg/ml aprotinin, 1 mM PMSF, 10 mg/ml leupeptin and DNase I). Equal amounts of nuclear extracts were subjected to immunoblotting with antiTAp63 antibody. The purity of nuclear fraction was verified by immunoblotting with monoclonal anti-lamin B (Ab-1, Oncogene Research products, Cambridge, MA, USA) and with monoclonal anti-a-tubulin antibody (Ab-2, NeoMarkers).
Detection of the secreted forms of GDF15
HaCaT cells were transferred into the differentiation medium. At the indicated time periods, CM was collected and subjected to the centrifugation using Amicon ultla-4 column (Millipore) to enrich the secreted forms of GDF15.
RT-PCR analysis
Total RNA was isolated from the indicated cells using the ISOGEN reagent (Nippon gene, Tokyo, Japan) according to the manufacturer's instructions, and treated with RNase-free DNase I. Five micrograms of total RNA were used to synthesize the first-strand cDNA generated from RNase-free DNase I-treated total RNA by using random primers and SuperScript II reverse transcriptase (Invitrogen). The primers used for PCR-based amplification are as follows: human 0 (antisense). PCR products were run on 1.5% agarose gels followed by visualization using ethidium bromide staining.
Quantitative real-time PCR cDNA was generated from 5 mg of total RNA by using SuperScript II reverse transcriptase (Invitrogen), and subjected to real-time PCR using ABI Prism 7700 thermocycler (TaqMan, Applied Biosystems, Foster City, CA, USA) based on manufacturer's instructions. Hybridization probe and primer sets for human TAp63 (Hs 00186613_m1) and GAPDH were obtained from Applied Biosystems. The temperature variables used were 951C for 10 min (one cycle) followed by 951C for 15 s and 601C for 1 min (40 cycles). All results were normalized to GAPDH internal control and expressed in relative numbers.
ChIP assay
HaCaT cells were transiently transfected with the expression plasmid for FLAG-TAp63a or with pcDNA3. Twenty hours after transfection, cells were cross-linked with 1% formaldehyde in medium for 10 min at 371C. ChIP was performed following a protocol provided by Upstate Biotechnology. In brief, cross-linked chromatin was prepared from cells and sonicated to an average length of 200-800 nucleotides, precleaned with protein A-agarose beads pretreated with shared salmon sperm DNA, and immunoprecipitated with anti-FLAG antibody conjugated with agarose. The immunoprecipitates were eluted with 100 ml of elution buffer (1% SDS and 0.1 M NaHCO 3 ). Formaldehyde-mediated cross-links were reversed by heating at 651C for 4 h, and the reaction mixtures were treated with proteinase K at 451C for 1 h. DNAs of the immunoprecipitates and control input DNAs were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Purified DNA was amplified by PCR using the following primer sets: GDF15a, 5 0 -ATTGGAGTG TTTACTCTGCAGGCAGGG-3 0 (sense) and 5 0 -AACACCA GGAGCATCTGAGAGCCATTCA-3 0 (antisense); GDF15b, 5 0 -TTTATCAAGTGCCTCCTATGTGTCTGGCCC-3 0 (sense) and 5 0 -CTCTTCTCTTTTTGGTTGGGGTCAAAGGC-3 0 (antisense); p21
WAF1
, 5 0 -GCAGTGGGGCTTAGAGTGG GG-3 0 (sense) and 5 0 -CAGGCTTGGAGCAGCTACAAT TAC-3 0 (antisense); thymidine kinase (TK), 5 0 -GCCCCTTT AAACTTGGTGGGC-3 0 (sense) and 5 0 -TTGCGCCTCCGGG AAGTTCAC-3 0 (antisense). p21 WAF1 and TK were used as a positive and negative control, respectively.
Indirect immunofluorescence
HaCaT cells were fixed in ice-cold acetone/methanol (1:1) at room temperature for 1 min and then washed with phosphatebuffered saline (PBS). Cells were incubated with 4% normal goat TAp63/GDF15 pathway in keratinocyte differentiation T Ichikawa et al serum (NGS) for 1 h at room temperature, and then probed with anti-GDF15, anti-IVL or with polyclonal anti-Ki67 antibody (Novocastra, Norwell, MA, USA) in 4% NGS for 1 h at room temperature followed by incubation with Alexa Fluor 488 or 546 goat antimouse or antirabbit IgG (Invitrogen) in 4% NGS for 1 h at room temperature. After washing with PBS, cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI).
Statistical analysis
Differences between two groups were analysed using Student's t-test. P-value less than 0.05 was considered to be statistically significant.
